We report the results of a study of the peak shapes in the gamma spectra measured using several 5 x 5 x 5 mm3 cadmium zinc telluride (CZT) detectors. A simple parameterization involving a Gaussian and an exponential low energy tail describes the peak shapes well. We present the variation of the parameters with gamma energy. This type of information is very useful in the analysis of complex gamma spectra consisting of many peaks.
Introduction
Gamma-ray detectors made of cadmium telluride (CdTe) and cadmium zinc telluride (CZT) are finding numerous applications in fields such as the assay and isotopic analysis of nuclear materials1 ~2 . They have a comparatively high detection efficiency for gamma rays because of the high atomic numbers of their constituents and they can be operated at room temperatures. Of these two materials, CZT is superior because of its higher resistivity and higher band gap (1.6 ev for CZT compared to 1.47 ev for CdTe). Reasonable size detectors with good enough resolution for many applications are now being fabricated from CZT material made by a modified high pressure Bridgeman crystal growth technique394. Portable instruments incorporating such detectors are being developed 5 at our Laboratory.
Gamma spectra obtained with CdTe and CZT detectors usually have a significant tail on the low energy side of the full energy peak. This arises from the unfavorable charge transport properties of the detector material itself. Thus, holes have low mean free paths in the material and are trapped with high probability. In CdTe, for example, the mobility-life time product, pz is about 6 x 10-4 for electrons and 3 x 10-5 for hole&. Thus, at a field of 1000 Wcm, the mean free path of holes is only a fraction of a mm.
of rise time, but this reduces the detector efficiency greatly. Several methods have been proposed for correcting for the effect of the incomplete charge collection. Some of these involve the use of the rise time of each pulse in addition to the pulse height7~8. Recently, a neural network algorithm has been used for enhancing the energy resolution of gamma spectra taken with a CdTe detectorg. With the availability of relatively large volume (e.9. 5 x 5 x 5 mm3)
CZT detectors with reasonably good resolution, special correction methods for the low energy tailing are not essential for a variety of applications. Nevertheless, one must understand the characteristic shape of the peaks in the gamma spectra (including the amplitude and shape of the tail) in order to analyze complex gamma spectra obtained using these detectors. For this Detector resolution can be improved by discarding pulses on the basis Portions of this document may be illegible in electronic image products. Images are produced from the best available original document.
reason, we have studied the peak shapes of gamma rays as a function of energy for CZT detectors.
Experimental Details
In this work, we have mainly used CZT detectors made by eV Products using the high pressure Bridgeman technique3. These detectors contain 10 atom per cent Zn, thus having the composition Cdo.gZnO.lTe. Most of the work described in this report was done with a 5 x 5 x 5 mm3 detector (designated here as detector A) which had a resolution of 2.7 keV (FWHM) for the 122 keV gamma ray from 57Co. In this work, we used the special electronics developed for the portable CZT system5, in which the preamplifier and filter amplifier have been designed to minimize the effects of poor hole-mobility and charge trapping (which give rise to the tail in the spectrum) and of noise (primarily shot noise) .
keV FWHM using 0.5 ps shaping (1 .O ps peaking). The electronic system is shown in Fig. 1 . This monolithic design was able to achieve good resolution (1 0% better than commercial instrumentation) and low power consumption (600 mW). A low noise field-effect transistor (FET) was selected for optimization of series and parallel noise, front end gain, and rise time. Good stability is achieved by running a 400 MHz opamp (IC1) in an open loop configuration with DC feedback for stability. This IC is a critical component that achieves the necessary combination of high bandwidth and low noise. This portion of the preamplifier is usually a hybrid circuit, which is physically larger and has higher power consumption. Power consumption is reduced in the present design by running IC1 on a single ended supply (+12V). The preamplifier has a sensitivity of 2OV/pC and a rise time of 24 ns. high bandwidth opamp preceded by a differentiator and pole-zero compensation network. A two-stage Sallen-Key filter was designed using opamps IC3 and IC4. This circuit has two pairs of complex poles and was found to be very stable. This circuit also has a sharp noise-corner response, which is very important in reducing parallel noise and at the same time minimizing ballistic deficit due to the slow charge collection of the detector. The shaping time of this filter is 0.5 ps (1 -0 ps peaking time). The optimum shaping time for the electronics is 4-6 ps, based on the capacitance of the detector and other circuit parameters. However, charge trapping in the detector has a pronounced effect on resolution, and as a result, the filter time constant must be reduced to 0.5 ps. This reduces the amount of low-energy tailing. Measurements using several CZT detectors have shown that trapping can add 2-3 keV (in quadrature) to the resolution if the filter time constant is increased to 1 ps.
stage This design achieves improved performance and results in a nearly Gaussian output pulse shape.
The electronic contribution (pulser resolution without the detector) is 1.2
The amplifier stage is voltage-sensitive and is composed of a low noise,
The second stage of the filter was designed with a higher Q than the first
Results and Discussion
We studied the peak shapes in gamma spectra taken with these detectors using standard gamma ray sources. We used gamma rays from 57C0, 133Ba 137Cs, 152Eu and 241Am, sources, thus covering the energy range 59 to 661 Lev. characteristic low energy tailing is very evident in this spectrum. This may be compared to the spectrum shown in Fig 2(b) which was calculated using the Monte Carlo transport code MCNP1O. This calculation gives an ideal spectrum which does not include the effect of dispersion in the number of charge carrier pairs produced when the gamma ray interacts within the detector, the trapping of carriers and the finite resolution of the electronics. The calculated spectrum shows small peaks in the 80-90 and 105 -1 15 keV regions which correspond to the escape of Cd, Zn and Te X-rays generated in the interaction of the 122 and 136.5 keV gamma rays in the detector. These peaks also appear as a smeared out bump in the experimental spectrum. The MCNP spectrum also shows the Compton edges at 39.4 and 46.4 keV corresponding to the two the 122 and 136.5 keV gammas. These do not stand out over the background in the experimental spectrum. The experimental spectrum also has the 14.4 keV gamma which occurs in a fraction of the decay of 57Co. It was not included in the MCNP calculation. 
Peak shapes:
The low energy tails in gamma spectra have been analyzed often in terms of two components, i.e. a long term and a short term tail1 1. In the present work, we have treated the part of the tail extending over tens of keV as background and concentrated on the short range part of the tail. After subtracting the background (as calculated by the method given in Ref. 1 l) , the peaks were fit to a sum of a Gaussian and an exponential tail confined to the low energy side of the Gaussian. This description of the line shape is the same as that used in earlier work on Ge detectors at LLNL11.
In the fits, there are five parameters in addition to the overall normalization: the peak energy and the width of the Gaussian, the relative amplitude and the slope of the exponential tail, and a cutoff parameter that makes the tail go smoothly to zero at the peak. Specifically, the expression used is: and Fig. 3 shows the results of fitting the 122 keV peak in the 57Co spectrum according to this procedure. By fitting the intense gamma rays from the other sources mentioned above, the energy dependence of the parameters can be studied. The energy dependence of the various parameters that describe the peak shapes is shown in Figs 4 and 5. The variance of the Gaussian increases linearly with increasing gamma energy, as shown in Fig 4. Both the slope and the intercept of the line describing this variation are larger than those for a typical Ge detector. Fig. 4 shows the results for our best detector (detector A) and two other detectors (designated B and C) which have significantly poorer overall resolution. Detectors B and C were from a batch of detectors which were being evaluated for the portable CZT system. The results for the two latter detectors are very similar. We note that the width of their Gaussian components is larger and increases more rapidly than that of detector A.
The parameters which describe the tail are shown in Fig. 5 . The slope parameters are shown on the left and the tail amplitudes are shown on the right. In both cases, parameters for detector A, are at the bottom and those for detectors B and C are on top. All three detectors exhibit very similar behavior.
The slope of the exponential tail varies strongly with energy at low gamma energy, and then becomes nearly constant. The slope is nearly constant with energy for Ge usually. A typical value for Ge detectors is shown in Fig. 5 . The tail amplitude for the CZT is significantly larger than for Ge. The tail cutoff parameter, C is not a very sensitive one in the description of the line shape; it is found to be larger for CZT than for Ge. A constant value of 0.7 was used here at all energies (cf. 0.4 used for Ge in the LLNL codesl1). The comparison with Ge shown in Figs 4 and 5 highlights the fact that in CZT spectra the low energy tail is much more significant -flatter and higher in amplitude -than in Ge spectra.
We note that the short tail parameters for detectors 6 and C are very comparable quantitatively to those for detector A. This is underscored by the curves shown in Fig 5. The energy dependence of the tail slope and amplitude parameters for detector A (bottom halves of the two panels in Fig 5) was described by the simple expressions shown in the figure caption. The resulting curves for detector A were scaled without change of shape and plotted along with the data in the top halves. It is seen that with a simple change in normalization, the same curves describe the variation of the slope of the tail for all three detectors. The tail amplitudes behave the same way.
As mentioned already, the low energy tail results mainly from poor charge collection due to charge carrier trapping. This phenomenon will be sensitive to the properties of the material and the details of detector fabrication in so far as they affect charge transport. We may, therefore, expect the nature and extent of tailing to differ in detectors from different manufacturers. As an example, Fig. 6 shows the gamma spectra of 57Co taken with a 5 X 5 X 5 mm3 CZT detector made by eV Products and a 3 x 3 x 3 mm3 detector made by Digirad and . The long-term tail is very much reduced in the spectrum taken with the Digirad detector. The specific differences in the detector material or fabrication technique that brought about this marked improvement are not known to us at this point. Fig. 7 shows a comparison of the fits of the 122-keV peaks in these spectra. Of the two detectors, the Digirad product has the poorer resolution, as shown by the larger width of the Gaussian part of the peak. The very long term tail in the eV Products detector spectrum is subtracted as part of the background in the fitting procedure, as described above. In the Digirad detector spectrum, the tailing is essentially all short-term, and this is not removed significantly in the background subtraction. Therefore, in the present description of the peaks in terms of a Gaussian plus one shott-term tail, the Digirad detector spectrum exhibits a tail which is both flatter and has a higher amplitude in relation to the peak of the Gaussian. The Digirad detector spectrum, in spite of the improved peak-to-valley ratio, is more asymmetric at half maximum and above than the eV Products detector spectrum.
Application to Uranium Analysis
Because of their ambient temperature operation, CZT detectors are very suitable for several applications in the analysis of special nuclear materials in the field of safeguards technology. Software packages are now being developed at LLNL for the analysis of CZT spectra of uranium which use the peak shape description discussed in this report along with the spectral analysis methodology that has been developed here over the yearsl2. The energy region from 86 to 102 keV in the uranium spectrum, consisting of thirteen gamma-ray and X-ray peaks, is used for this analysis. When analyzing such a complex spectrum covering a range of energy with several peaks of very different intensity, one may have better success if one extends the peak description to include a short and a long term tail and even the Cd, Zn and Te X-ray escape peaks.13-
Trapping-detrapping Model
As pointed out in the introduction, several approaches have been used for correcting the energy spectra for the tailing. Even though in our application of CZT detectors we are relying, instead, on the knowledge of peak shapes for unraveling complex gamma spectra2,12, it is still of interest to understand the processes that lead to the tailing. Reports in the literature describe studies which attempt to model the effect of carrier trapping and detrapping on the shape of the final observed gamma spectrum8914 A Monte Carlo code can be used to calculate the energy deposited by gamma ray interactions in different layers of the detector. One can then calculate the contribution to the final detected pulse height from the charge carriers produced at different depths, taking into account the effect of trapping and detrapping as the carriers drift to the collecting electrodes. It has been shown that the prominent tails observed in CdTe spectra can be understood on the basis of such a model. We are exploring such a model to understand the energy variation of peak shape parameters for CZT spectra reported in this paper.
Summary
We have reported parameters that describe the peak shapes in gamma spectra taken with cadmium zinc telluride detectors. We describe each peak as a sum of a Gaussian and an exponential tail, and report the variation of the parameters with gamma energy. Such a parameterization is very usefuf for the analysis of complex gamma spectra that one encounters in the field of safeguards technology such as the spectrum of uranium in the 100 keV region. A spectrum of the 122-keV gamma ray from 57Co taken with the Energy dependence of the variance of the Gaussian component. 
